Background. Genital mucosa is the main portal of entry for various incoming pathogens, including human immunodeficiency virus (HIV), hence it is an important site for host immune defenses. Tissue-resident memory T (T RM ) cells defend tissue barriers against infections and are characterized by expression of CD103 and CD69. In this study, we describe the composition of CD8 + T RM cells in the ectocervix of healthy and HIV-infected women.
The mucosal lining of the female genital tract is the main entry portal and initial replication site for various sexually transmitted infections (STIs), including human immunodeficiency virus (HIV), herpes simplex virus (HSV)-2, and human papillomavirus (HPV); thus, study of this lining is critically important to understand robust host immune defenses [1] . In recent studies, a distinct subset of memory T cells, called tissue-resident memory T (T RM ) cells, has been described in several tissues, including human female genital tissue [2] [3] [4] [5] . After antigen exposure, T cells are recruited to these tissues, where long-lived T RM cells then develop in situ [6, 7] . Transforming growth factor (TGF)-β and the chemokines CXCL10 (IP-10), CXCL9 (MIG), and CCL5 (RANTES) appear to be crucial for the migration, formation, retention, and functionality of T RM cells [6, [8] [9] [10] . Originally, T RM cells were characterized by the surface expression of αE(CD103)β7 integrin together with CD69. CD103 may be important for the retention of T RM cells within the epithelium, through its interaction with E-cadherin, whereas CD69-mediated inhibition of sphingosine-1-phosphate receptor prevents egress of these cells from the tissues [11, 12] . More recently, T RM cells lacking CD103 or CD69 expression have been described in the epithelium and connective tissues [13] [14] [15] [16] , resulting in a debate about the phenotypic definition of T RM cells.
Vaccine studies have shown that inducing a CD8 + T RM cell response in the genital mucosa is associated with better protection in HSV-2-infected mice [8, 17] and HPV-infected humans [18] , suggesting an important role of these cells in controlling persisting genital infections. In this study, we characterized the composition of CD8 + T cells in ectocervical tissues obtained from HIV-infected and uninfected women. Our results contribute to the developing understanding of tissue-resident T-cell identity in genital mucosal tissue and indicate that a relationship exists between HIV and T cell tissue-residency marker expression.
METHODS

Study Populations and Sample Collection and Processing
Swedish Cohort
Cervical mucosa samples were collected from healthy Swedish women (ie, women with good general health and no clinical symptoms of STIs, and those not using any immune suppressive medicine) undergoing hysterectomy for nonmalignant and noninflammatory conditions at the St. Göran Hospital in Stockholm, Sweden (Supplementary Data).
At least 1 cm 3 of mucosa was used for downstream applications. Ectocervical biopsies (8 mm 3 ), containing both epithelium and underlying subepithelial tissue (ie, submucosa), were dissected from the fresh cervical mucosal samples, snap-frozen, and cryopreserved at −80°C. The remaining tissue specimens were processed into single-cell suspension as previously described [19, 20] (Supplementary Data). Peripheral blood samples were collected from Swedish females undergoing reconstructive skin surgeries [19] who were in the same age range as the women providing cervical tissue samples. Peripheral blood mononuclear cells (PBMCs) were separated by Ficoll-Hypaque density gradient centrifugation and allowed to rest overnight in complete medium before use in flow cytometry experiments. Flow cytometry staining of ectocervical mucosal cells and PMBCs was done as previously described [19] (Supplementary Data).
Kenyan Cohort
Paired peripheral blood samples and 2 ectocervical biopsies were collected from HIV-seropositive (HIV + ) female sex workers (FSW), HIV-seronegative (HIV − ) FSW, and HIV − lower risk nonsex working women (HIV − LR). The detailed characteristics of the study population are described in Table 1 , Supplementary Data, and previous publications [21] [22] [23] . Ectocervical biopsies (3 mm 3 ) were collected from the superior portion of the ectocervix with Schubert biopsy forceps (B. Braun Aesculap AG, Tuttlingen, Germany) and either placed in a vial containing RNAlater solution (QIAGEN, Valencia, CA) or immediately snap-frozen and cryopreserved at −80°C. Measurement of plasma viral load (VL) and cervical VL of the HIV + FSW individuals have been presented elsewhere [21] (Supplementary Data). The PBMCs were separated by Ficoll-Hypaque density gradient centrifugation and cryopreserved in fetal bovine serum (Life Technologies) containing 10% dimethyl sulfoxide. Procedures for flow cytometry staining of PBMCs were adopted from a previous study [24] (Supplementary Data). All antibodies used for flow cytometry analyses are listed in (Supplementary Table 1a) .
Written informed consent was obtained from all study participants, and ethical approval was obtained from the ethics boards at the Kenyatta National Hospital ( n/a n/a n/a Cervical VL b 1440 (284-45 800) n/a n/a n/a Years since HIV diagnosis 3 (1-21) n/a n/a n/a Immunofluorescent staining of the cryopreserved tissue samples was performed as previously described [21] . Immunohistochemistry was performed using the MACH 3 universal HRP Polymer Detection System according to the manufacturer's instructions (HistoLab Products AB, Stockholm, Sweden). The staining reactions were developed with the use of diaminobenzidine tetrahydrochloride (DAB) and Vina Green (HistoLab Products AB). The sections were counterstained with hematoxylin and then mounted with Pertex (Histolab Products AB). The stained tissue sections were scanned into digital images using a Pannoramic 250 Flash Slide Scanner (3DHistech Kft., Budapest, Hungary). Customized computerized image analysis of the immunofluorescent double staining was performed using CellProfiler [25, 26] (Supplementary Data). The triple immunofluorescent and the double immunohistochemistry staining were analyzed by manually counting the positively stained cells within the defined region of interests. Negative controls were incubated with secondary antibody alone. Antibodies used for the in situ staining are listed in Supplementary Table 1b .
Detection and Quantification of Messenger Ribonucleic Acid
Quantification of messenger ribonucleic acid (mRNA) expression in the ectocervical biopsies was performed as previously described [21, 27] . The ABI PRISM 7700 sequence detection system and FAM dye-labeled TaqMan minor groove binder probes and primers (Applied Biosystems, Foster City, CA) were used to quantify the ubiquitin C (UBC), TGFB1, CXCL10, CXCL9, and CCL5. Cycle threshold (Ct) values for each target gene were normalized to UBC. Fold change of the target genes was calculated using the 2 −dCT equation [28] .
Statistical Analyses
Statistical significance of differences between continuous variables was assessed using the Mann-Whitney U test for comparisons of independent samples and the Wilcoxon signed-rank test for paired samples. Multiple comparison analysis was performed using the Kruskal-Wallis test followed by Dunn's post hoc test for independent samples. The χ 2 test was performed to assess the statistical significance between categorical variables, and Spearman's rank correlation coefficient test was used to assess correlations. All tests were 2-sided, and a P value of <.05 was considered to be significant. The software product used was Prism 5.00 (GraphPad Software Inc, La Jolla, CA) for Windows. Figure 1) . Next, expression of the tissue-resident markers CD69 and CD103 was assessed (Figure 1a) , and significantly higher frequencies of CD8 + T cells in the epithelium expressed CD69 (83.7%) and coexpressed CD69 and CD103 (76.0%) than the corresponding submucosal CD8 + T cells (49.0%, P = .002 and 18%, P < .0001, respectively) (Figure 1b (Figure 1c ). In addition, in situ staining of corresponding intact ectocervical tissue confirmed the presence of CD103 + cells within the ectocervical epithelium, where they colocalized with E-cadherin ( Figure 1d ). We previously showed that CD103 + CD8 + T RM cells within the human cervix display prominent cytolytic potential [19] . We extended these findings by assessing the functional phenotype of CD103 + CD8 + and CD103 − CD8 + T RM cells. First, CD8 + T cells (TCRγδ − CD3 + CD8 + ) accounted for most of the production of total granzyme (Gzm) B (89.0%) and perforin (94.8%) in the ectocervical epithelium (Supplementary Figure 2a) . Second, no differences were observed between CD103 + CD69 + CD8 + and CD103 − CD69 + CD8 + T RM cells, with respect to steady-state expression of GzmA (67.2% vs 80.1%), GzmB (42.4% vs 31.2%), and perforin (61.3% vs 66.5%). Furthermore, there was almost no active production of interferon (IFN)-γ in the 2 subpopulations of CD8 + T RM cells (0.05% vs 0%) in steady-state conditions (Supplementary Figure 2b) .
RESULTS
Tissue-Resident CD8+ T Cells in the Healthy
The Ectocervical Epithelium of Human Immunodeficiency Virus-Infected Women Contains Elevated Frequencies of CD103−CD8+ Cells
We previously showed that women infected with HIV displayed elevated frequencies of CD8 + cells in their ectocervical epithelium [21] . In this study, we further characterized the tissue-resident phenotype of these epithelial CD8 + cells in HIV + FSW, HIV − FSW, and HIV − LR groups. In situ staining for CD8 and CD103 ( Figure 2a ) was assessed by computerized image-based in situ analysis (Supplementary Data). The numbers of epithelial CD103 + CD8 + cells/mm 2 were comparable between the groups (284 vs 386 and 293; P = .76); however, the HIV + FSW group displayed significantly higher numbers of epithelial CD103 − CD8 + cells/mm 2 and proportion of CD103 − CD8 + cells among total CD8 + cells than the HIV − FSW and HIV − LR groups (275 vs 133 and 138, P = .0001 and 50% vs 29% and 30%, P = .0004, respectively) ( Figure 2b) . Furthermore, the CD103 − CD8 + cells localized significantly closer to the basal membrane of the ectocervical epithelium than the CD103 + CD8 + cells, in all 3 groups (HIV + FSW: 14 vs 33 µm, P = .0009; HIV − FSW: 15 vs 36 µm, P = .002; and HIV − LR: 15 vs 24 µm, P = .006) (Figure 2c ). Within the HIV + FSW group, the number of epithelial CD103 − CD8 + cells, but not number of CD103 + CD8 + cells, correlated significantly with women's cervical and plasma VL (Figure 2d and data not shown) .
Next, expression of early proliferation marker Ki67 was assessed on CD103 + and CD8 + cells. Ki67 + cells were seen in the basal and parabasal epithelial cell layers. Neither CD103 + cells nor CD8 + cells coexpressed Ki67 within the ectocervical epithelium in any of the groups (Supplementary Figure 3a) . CD69 expression was assessed on epithelial CD103 + CD8 + and CD103 − CD8 + cells to define the tissue-resident phenotype of these cells (Supplementary Figure 3b) . Approximately all epithelial CD8 + cells expressed CD69 in all groups (HIV + FSW, 98.2%; HIV − FSW, 99.3%; and HIV − LR, 97.8%) (data not shown), suggesting that both CD8 + CD103 + and CD8 + CD103 − cells in the ectocervical epithelium are T RM cells.
Ectocervical Biopsies of Human Immunodeficiency Virus-Infected Women
Contain Elevated Levels of Chemokine Messenger Ribonucleic Acid
Transforming growth factor-β is important for upregulation of CD103 and for the formation of T RM cells [6, 9] , whereas the CXCL10, CXCL9, and CCL5 chemokines are crucial for the recruitment of circulating memory T cells to vaginal tissue in mice [8, 10] . Therefore, the mRNA levels of TGFB1, CXCL10, CXCL9, and CCL5 were assessed in the ectocervical tissues obtained from the Kenyan women. Significant differences were seen between the study groups in respect to mRNA expression of TGFB1 (P = .0009), CXCL10 (P = .006), CXCL9 (P = .001), and CCL5 (P = .0001), and the HIV + FSW group displayed the elevated levels of all genes assessed compared with the control groups ( Figure 3a) . Thereafter, the chemokine expression was correlated with the number of CD8 + cells in the ectocervical epithelium of HIV + FSW group. We found no correlation between chemokine mRNA expression and the number of epithelial CD103 + CD8 + cells (data not shown). However, significant positive correlations between mRNA expression of CXCL10, CCL5, and a positive trend of CXCL9, and the number of epithelial CD103 − CD8 + cells were found. No correlation was found between CD103 − CD8 + T cells and TGFB1 mRNA expression (Figure 3b ). In addition, CXCL9 and CCL5 mRNA expression correlated significantly with plasma VL, whereas CXCL10 correlated significantly with both plasma and cervical VL (Figure 3c and d) .
Both CD103+ Cells and CD103− Cells Within the Ectocervical Epithelium Express Cytolytic Molecules
We next investigated whether CD8 + T cells from the ectocervical epithelium of women infected with HIV have altered effector (Figure 4a and b) . In addition, the frequency of IFN-γ + CD8 + cells was close to null in all study groups (HIV + FSW, 0.5%; HIV − FSW, 0%; and HIV − LR, 0%) (data not shown). It is of interest to note that although GzmA + , GzmB + , and perforin + cells were present in both the epithelium and submucosa, IFN-γ + cells were mainly present in the submucosa (Figure 4a) (data not shown) .
Expression of the cytolytic molecules, GzmA, and perforin in combination with CD103 was also assessed. Epithelial CD103 + cells expressed GzmA and perforin; however, single-positive GzmA and perforin cells were also seen in 3 study groups (Figure 4c and data not shown).
Human Immunodeficiency Virus-Infected Women Have an Altered CD103
Expression on Circulating CD8+ T Cells
We further investigated whether an altered CD103 expression, as seen on CD8 + cells in the ectocervix of women infected with HIV, could also be observed in their blood. Hence, the phenotype of circulating CD8 + T-cell expressing CD103 was investigated with use of flow cytometry (Figure 5a ). We observed that the HIV + FSW group displayed a significantly lower percentage of circulating CD103 + CD8 + T cells among total CD8 + T cells than the HIV − FSW and the HIV − LR groups (0.9% vs 2.4% and 3.0%, respectively, P < .0001) (Figure 5b ). Furthermore, a positive trend, although not significant, was observed between the percentage of circulating CD103 + CD8 + T cells and the percentage of CD103 + CD8 + from the ectocervical epithelium of the HIV + FSW group (r = 0.45, P = .08) (data not shown). In addition, we found significantly higher frequencies of circulating CD103 + CD8 + T cells expressing activation markers CD38 and HLA-DR in the HIV + FSW group (27.6%) than the HIV − FSW (5.0%) and the HIV − LR (4.3%, P < .0001) groups (Figure 5c ). Although no significant difference was seen between the frequencies of CD103 + CD8 + T cells expressing the inhibitory receptor PD-1 (associated with T-cell exhaustion in individuals infected with HIV) [29, 30] of differentiation (Figure 6a ). Relative to the control groups, only the EM phenotype was significantly enriched within CD103 + CD8 + T cells of the HIV + FSW group (P = .0008) and correlated significantly with their corresponding plasma VL (Figure 6a and b) . It is interesting to note that although CD103 expression was generally significantly lower on CD103 + CD8 + T TM cells than on CD103 + CD8 + T EM cells in all study groups (GMFI: TM vs EM; HIV + FSW: 1647 vs 2762, P = .0002; HIV − FWS: 2209 vs 3746, P = .0005; and HIV − LR: 2226 vs 4579, P = .0001) (Figure 6c ), the HIV + FSW group had significantly lower expression of CD103 on both of these memory subsets than the control groups (P = .0001 and P = .0005, respectively) ( Figure 6d ).
DISCUSSION
This is the first study to characterize tissue-residency marker expression on CD8 + T cells in ectocervical epithelium of healthy and HIV-infected women. We found that the majority of epithelial CD8 + T cells displayed EM phenotype and expressed bona fide T RM markers (CD103 + CD69 + ) in healthy ectocervical epithelium. Furthermore, these cells exhibited higher CD103 expression in the ectocervical epithelium, compared with submucosa, supporting the role of epithelial localization for the formation of CD103 + CD8 + T RM cells [6] . Human immunodeficiency virus-specific CD8 + T RM cells established in murine genital mucosa upon vaccination displayed significant bias in spatial localization towards epithelium, compared with submucosa [31] , implying the importance of assessing T RM cells specifically in the epithelial compartment; the initial barrier of genital mucosa.
Several studies indicate a phenotypical heterogeneity of the T RM cells found in human and murine tissues, including differential CD103 expression (ie, CD103 + CD8 + and CD103 − CD8 + T RM cells) [13, 14, 16, 32] , which has been furthermore associated with distinct functional capacity of these cells [16] . In this study, in agreement with previous studies, we identified both CD103 + CD8 + and CD103 − CD8 + T RM cells lodging the ectocervical epithelium. However, regardless of CD103 expression, CD8 + T RM cells were loaded with cytotoxic granules, with no IFN-γ production observed in steady-state conditions. It is interesting to note that Posavad et al [5] reported that approximately 1.5% of cervical HSV-2-reactive CD103 + CD8 + and CD103 − CD8 + T cells produced IFN-γ, indicating that cervical CD8 + T RM cells display moderate IFN-γ production capacity upon proper antigenic stimulation.
Because the epithelial mucosa is a potential entry portal and initial replication site for many STIs, including HIV, we next characterized CD8 + T cells populating the ectocervical epithelium of women infected with HIV. In contrast to the healthy Swedish women, the women infected with HIV displayed an elevated frequency of CD103 − CD8 + cells in their ectocervical epithelium. These cells were located closer to the epithelial basal membrane than the more apically located CD103 + CD8 + cells, thus suggesting that the CD103 − CD8 + cells and the CD103 + CD8 + cells populate different spatial niches within the cervical epithelium. Diminished CD103 expression on CD8 + cells may also be reflective of a recent influx of these cells that have not yet upregulated CD103. Nevertheless, approximately all CD8 + cells were CD69 + , indicating that CD103 + CD8 + cells, similar to CD103 − CD8 + cells, belong to the T RM cell population.
Accumulation of epithelial CD103 − CD8 + cells in the HIVinfected woman was unlikely due to ongoing local in situ proliferation because neither CD103 + nor CD8 + cells coexpressed Ki67. However, an increased number of epithelial CD103 − CD8 + cells was associated with elevated levels of cervical CXCL10 and CXCL9 chemokines in women infected with HIV. It is notable that the chemokine receptor CXCR3 (the binding receptor for CXCL10 and CXCL9) mediated recruitment of CD8 + T cells to proinflammatory microenvironments is required for differentiation of CD103 − CD8 + T RM in murine gut mucosa [13] . Although TGF-β expression was also elevated in the ectocervix of HIV-infected women, it was not associated with CD103 expression on epithelial CD8 + cells, similarly to what was previously observed in the cervical secretions of women infected with HIV [33] . Furthermore, interleukin-12 and type I IFN have a counteracting activity against TGF-β-reliant CD103 upregulation in mice intestine [14] , indicating the impact of the overall cytokine milieu within the tissue environment.
Multiple antigen exposures and local inflammation enhance T RM cell recruitment to the skin in mice models [34] . Furthermore, chronic antigenic stimulation reduces CD103 upregulation on antigen-specific CD8 + T cells in mice [35] . We have previously shown that the HIV-infected women included in this study had ongoing viral replication and high immune activation in their ectocervix [21, 22] . Here, we found that the number of epithelial CD103 − CD8 + cells correlated significantly with their VL in blood and cervix and chemokine expression in ectocervix. It is thus tempting to speculate that the enhanced immune activation, including local CXCL10, CXCL9, and CCL5 chemokine expression and ongoing viral replication, is a driving force for CD103 − CD8 + T RM cell recruitment and formation in the ectocervical epithelium. It is worth noting that an increased proportion of CD8 + T cells expressing low levels of CD103 has been recently observed in the rectosigmoid mucosa of treatment-naive HIV-infected individuals [32] . Furthermore, these cells accounted for the majority of HIV-specific cells [32] , suggesting an HIV-associated alteration of the T RM subset.
Epithelial CD103 + CD8 + and CD103 − CD8 + cells expressed cytotoxic effector molecules in all study populations. However, in lower magnitude, the expression pattern of the effector molecules seen in Kenyan woman resembled the expression observed in healthy Swedish women, namely, highest GzmA expression and nearly absent IFN-ɣ expression in the ectocervical epithelium. The discrepancy in the relative magnitude of expression . Horizontal lines represent median ± interquartile range. Statistical significance was determined using the Kruskal-Wallis test followed by Dunn's post hoc test; **, P < .01 and ***, P < .001. may be due to different techniques and analyzed sample types [2] . Furthermore, women infected with HIV had comparable frequencies of effector molecules expressed by epithelial CD8 + cells compared with the uninfected groups, similarly to what was seen in gut in HIV-infected individuals [36] . This suggests that the HIV infection does not preferentially alter the frequencies of effector CD8 + cells populating the ectocervical epithelium.
Antigen reactivated CD8 + T RM cells are important for the recruitment of systemic memory cells to the site of infection [37] . In this study, we found an association between the frequencies of circulating CD103 + CD8 + T cells and CD103 + CD8 + cells present in the ectocervical epithelium of women infected with HIV, similarly to what was previously seen in cervical cytobrush samples from women infected with HIV [33] . Furthermore, the altered CD103 expression seen in epithelial CD8 + cells of women infected with HIV was also observed in their circulation. They primarily displayed lower frequencies of circulating CD103 + CD8 + T cells and diminished CD103 expression on the two dominant memory cell populations. These consisted of transitional and EM, implying that CD103 expressing CD8 + T cells resemble antigen-experienced cells and have the capacity to recirculate between blood and peripheral nonlymphoid tissues. Within the HIV-infected group, CD103 + CD8 + T cells were enriched within the EM pool, presumably reflecting an increased antigenic burden in HIV-infected individuals compared with uninfected. In addition, within the HIV-infected group, CD103 + CD8 + T cells were highly activated and displayed elevated levels of PD-1 expression and thus resembled the activation/exhaustion status previously seen on the circulating CD8 + T cells from individuals infected with HIV [24, 29, 30, 38] . It would be interesting to further characterize the antigenic specificity of these cells as wells as their contribution to the HIV immunity.
CONCLUSIONS
In this study, we show that CD8 + T RM cells, loaded with cytolytic molecules, are present in the ectocervical epithelium of healthy and HIV-infected women. Presence of effector CD8 + T cells residing at the frontline tissue barrier may have the potential to provide a robust defense against invading pathogens, and this makes these cells an attractive target for vaccination strategies approaching persistent genital infections.
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